Simultaneous recording of membrane potentials and contractility in isolated rat atria by means of intracellular micro-electrodes and a sensitive strain gage has been used to establish the normal characteristics of the tissue as well as effects of temperature, stimulus frequency and initial tension on muscle. Preliminary correlations between duration of the action potential and the degree of contraction indicate that the rate of repolarization is of major importance in determination of the contractile response.
Simultaneous recording of membrane potentials and contractility in isolated rat atria by means of intracellular micro-electrodes and a sensitive strain gage has been used to establish the normal characteristics of the tissue as well as effects of temperature, stimulus frequency and initial tension on muscle. Preliminary correlations between duration of the action potential and the degree of contraction indicate that the rate of repolarization is of major importance in determination of the contractile response.
I
T is generally believed that the contraction of a muscle cell is initiated by the membrane depolarization of the propagated action potential, but no exact quantitative formulation has been made whereby the degree of tension can be related to the various characteristics of the depolarization process. Before the coupling between excitation and contraction can be quantitatively expressed and the mechanism of this coupling elucidated, such accurate relationships must be established. The present report will be concerned with the membrane electric characteristics and contractile properties of the rat atrium, and the effects of variation of several factors on the depolarization and repolarization processes as related to the contractile tension. The use of intracellular microelectrodes allows an accurate determination of membrane potentials and their variations, but for the correlation with contractility it is necessary to record simultaneously the tension changes; such an apparatus has been designed and is similar to that described by Burgen and Terroux 1 . It is believed that after a quantitative correlation is made between membrane potential changes and contractility and the metabolic basis for these processes From the Department of Pharmacology, School of Medicine, University of Southern California, Los Angclos, Calif.
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EXPERIMENTAL TECHNICS
Recording of the membrane potentials was based on the technic described by Nastuk and Hodgkin 1 utilizing a circuit with a response time of the order of 100-150 ^tsec. Glass microelectrodes filled with 2.5 M KC1 and in the resistance range of 20 to 50 megohms were used. The developed tension was recorded with a Statham strain gage having a response of 0 to 4.5 Gm. with less than 1 per cent hysteresis. Electric and mechanical changes were recorded simultaneously on a Dumont dual-beam oscilloscope and photographed with a 35 mm. camera. A constant resting tension of 750 mg. was maintained on the preparation by means of a micrometer head. The stimulating voltage was 15 v. with a 2 msec, duration and the frequency was 200 per minute. The tissue medium was a modified Krebs-Ringer-bicarbonate* with the following composition: Na 145 mM, K G.02 mM, Ca 1.22 mM, Mg 1.33 mM, Cl 126 mM, HCOa 25.3 mM, phosphate 1.20 mM, SOA 1.33 mM and glucose 5.5 mM. The pH was adjusted to 7.4. The temperature of the test chamber was maintained at 30 C. and the tissue was oxygenated with a 95 per cent O 2 , 5 per cent CO-mixture.
Fio. 1. Diagrammatic representation of spatial relations of electrodes. Penetrations were made through the endocardial wall of the opened right atrium and approximately equidistant from the stimulating electrodes so that an estimation of conduction time could be made ( fig. 1 ). Due to initial fluctuations, the atria were allowed to equilibrate for two hours after mounting. A typical record is shown in figure 2 with the nine measurements that were made on an enlarged projected image of the film frame. Areas were determined with a polar planimeter. Durations and areas of the curves were measured from a line, an arbitrary distance from the base line, eliminating minor after-potentials or fluctuations. A series of 20 to 25 normal or control records was taken followed by ft similar series after the conditions were altered, this number of reooi-ds having been found satisfactory for statistical validity of the averages.
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RESULTS
Electric ami Contractile Cliaracteristics of Rat
Atrium. Control readings obtained from 66 auricles and involving 867 cardiac muscle cells were used to calculate the mean values and the standard deviations given in table 1. The deviations here refer to variations of the means of individual experiments on different atria and hence provide some measure of the natural variation of the membrane and contractile properties of rat atria. The wide variations in developed tension, however, are not natural but arose because of experimental differences in the preparation of the atria for mounting. In gen- eral, the rat atrium was found to behave qualitatively similar to other cardiac muscle but in certain details there were differences which will be discussed individually.
Evaluation of the significance of changes in the above characteristics within one experiment as conditions were altered can be made by determining the variations between control readings made on a single atrium. Table 2 presents such data obtained by averaging the means and deviations from three typical experiments where the deviations refer now to individual readings on single cells. There were 23 cell penetrations made in each experiment. Examination of the standard errors of the means shows that fair reliability can be attached to the means obtained from 20 to 25 cardiac cells and provides a basis for assessing the significance of changes produced in these characteristics experimentally.
Membrane Potentials. The resting membrane potential obtained on penetration of a eel 1 usually was maintained without measurable change for ten or more contractions, indicating a fair degree of stability in the penetrated cell. Taking the figure of 146 mM for the intracellular K + concentration in the rat heart 4 (determined from fig. 2 The action potential showed a rise time of 0.44 msec, which would correspond to a depolarization rate of 172 v./sec. at the experimental 30 C, indicating a higher depolarization rate at the body temperature of the rat. This result contrasts strongly with that obtained on cat atrium, 1 where the depolarization rate was found to be 11.6 v./sec. The depolarization rate in the present concept of excitation would depend primarily on the rate of entry of sodium into the cell and hence on the degree of permeability change from the resting level. The above rates would thus reflect differences in this factor in the two tissues.
The rate and course of the repolarization of the membrane were more variable than the depolarization. In general, the forms of the repolarization phase of the action potential were similar to those obtained on the cat atrium 1 but lacked the marked plateau observed in ventricle and conduction tissue. Three principal types of repolarization were seen: (1) an almost linear return towards the resting level until within 10 to 20 mv. of the base line, with often a slight convexity; (2) a more complex type exhibiting a small sharp spike at the peak of the action potential, followed by a definite convexity and (3) a logarithmic return to near the base line. Such repolarization patterns are depicted in figure 3, taken from actual tracings. In figure 4 the logarithmic type repolarization is plotted on the log scale to demonstrate the linearity over the range from 5 to 50 mv. These various repolarization patterns were characteristic for each heart and remained reasonably constant throughout an experiment. The frequency of occurrence of the repolarization types was roughly as follows: (1) 60, (2) ]0 and (3) 30 per cent. Marked variations of potential were often seen near the end of repolarization. One might interpret these as negative after-potentials of less than 5 mv. but it is more likely that they were artefacts produced by local disturbances. These fluctuations were always in that region of the action potential not measured in the present work and hence do not influence the results reported. No positive after-potentials were observed.
Overshoot, or reversal of the membrane potential, was much more marked and constant in the rat atrium than in that of the cat. 1 There was not one cell of the 867 controls that failed to show this overshoot and, in fact, it was more constant, with respect to an absolute scale, than either resting or action potential. It is possible that the greater overshoot in the rat Fro. 4. Logarithmic plot of membrane potential in type C repoliirization.
atrium was due to a somewhat longer interval between the increases in conductance to sodium and potassium, less overlap occurring.
Time Relations of the Action Potential and
Contraclion. The average time between the stimulus and the beginning of the action potential was 14.0 msec, the average distance between the stimulating electrodes and the recording electrode was 10.8 mm. and, thus, the mean conduction rate was 77.1 cm./sec. The average time between initiation of the action potential and the start of the muscle contraction was 12.3 msec, but it must be remembered that here one is measuring the contraction of the whole atrium and not of the cell penetrated. To visualize the proper time relations, the spacing of the electrodes on the atrium is shown in figure 1 . Recording was always from the distal end of the atrium and the proximal end of the muscle had been excited 14 msec, previously. If we consider that the beginning of the measured contraction corresponded to the contraction of the most proximal cells to the stimulating electrodes, then the true latent period between action potential and initiation of contraction would be the sum of the conduction time and the measured excitation-contraction time, on the average 26.3 msec.
Some information may be obtained concerning the activation and contraction of the single cardiac cells. The developed tension curve had a duration of 103.5 msec, but was not exactly symmetric, the maximum being reached in about 40 msec. Since the distance, distally from the recording electrode to the muscle holder, was 3.0 mm., the total time for conduction of the impulse over the entire atrium was 17.9 msec, and, hence, the most distal cell began to contract 17.9 msec, after the most proximal cell, assuming the same latent period for all the cells. Thus all the cells were beginning to contract before the total tension had reached half its maximal value. These relations are given in figure 5 where the contractions of the individual cells are represented schematically by the lines beneath the tension curve. It is obvious that the mean duration of contraction for a single cell was 85.6 msec. If we assume that each cell contracts similarly to the whole atrium, the time to reach maximal tension was 32.9 msec, and the relaxation time was 52.7 msec.
If contraction of each cell began 26.3 msec, after the initiation of the action potential, this Fio. 5. Relationship of total atrial contraction to contractions of individual cells. will be at a time when the membrane potential was about 48 mv., i.e., at about 37 per cent repolarization. Maximal tension was developed at the time when the action potential had almost disappeared. Such relations will be of interest when the dependency of the contractile process on depolarization is discussed.
Variation of Tissue Characteristic urith Time. Experiments were performed in which atria were driven continuously and readings were taken in groups at intervals, in order to determine the stability of the preparation and the amount of possible drift to be expected in a long-term experiment. The results depended on whether the atria were allowed to remain in the same medium or whether the medium was replaced at intervals. The latter type of experiment was run as follows: the medium bathing the atria was replaced each hour and 30 minutes after each replacement a set of readings was made, about 12 readings being taken for each hourly period over four hours, no equilibration period having been used. The atria showed no signs of depression or damage over this period and the changes observed are recorded in table 2. Indeed, the resting and action potentials increased somewhat and the developed tension, after an initial increase, remained quite constant. However, if the medium was not replaced during the experiment, a different result was obtained. After the initial rise in developed tension to a level, comparable to the previous experiment, the tension began to drop off until after three hours it was only about half the maximal reached. The resting and action potentials did not change as the developed tension decreased but the duration and area of the action potential fell off in the same manner as the contractile force. In fact, the developed tension changes during the entire experiment were paralleled quantitatively by the changes in the duration and area of the action potential, as indicated in table 3. Replacement with fresh medium after seven hours resulted in recovery of the tissue towards the maximal level obtained.
Effect of Initial Tension on the Response of the Atria. The initial, or resting, tension on the atria was changed in steps from 250 mg. to 1250 mg. and the membrane and contractile characteristics at each tension are plotted in figure 6 . The developed tension increased with the initial tension as expected, but this was not accompanied by any detectable changes in the membrane potentials. From these results it would seem that the effect of altering initial tension on the contractile process was directly upon the contractile elements and was not mediated through changes in the electrical behavior of the cardiac cells. The coupling between excitation and contraction is probably exerted in one direction only; contractile processes may vary without necessarily inducing any alteration in the events at the membrane.
Effect of Stimulus Frequency. Experiments were performed on the atria of four animals in order to compare the response of the tissue to stimulus frequencies of 200 and 420 per minute. The averages of these four experiments are presented in table 4. In each experiment the two stimulus frequencies were run alternately several times in order to eliminate any drift in the characteristics during the experiment. The tissue bath medium was replaced between each set of readings. There was a marked decrease at 420 per minute in the developed tension accompanied by a shortening of the contraction; since the time to develop maximal tension was unchanged, this would indicate that the relaxation time was shortened (-17.8 per cent). The action and resting potentials were not changed significantly, but the duration and area of the action potential decreased; this decrease was significant and occurred in each experiment. This decrease in the duration and area of the action potential probably was partly responsible for the smaller developed tension but it would seem that most of the effect of increased stimulus frequency was directly upon the contractile processes or the energy-supplying metabolism associated with contraction. Experiments involving a range of stimulus frequencies from 120 to 480 per minute gave essentially the same changes in the response as indicated for the two frequencies.
These results obtained on rat atrium differ considerably from those reported for cat papillary. 8 In general, they observed an increase in amplitude of contraction from 30 to 333 per minute and then a decrease when the rate went up to 400 per minute; in no case in the present work was there an increase in contraction with increasing stimulus frequency. The rise and fall times of contraction both decreased with increasing frequency in the cat papillary, but in rat atrium only the relaxation was altered. Previous work has indicated a linear relationship between log stimulus frequency and log action potential duration; this relationship holds also for the rat atrium.
Effect of Temperature. Experiments on three atria at four different temperatures showed that all the characteristics of membrane potential and contractility were temperature dependent. The averages of these results are shown in table 4. As the temperature increased, there was a progressive fall in developed tension. This was not correlated with changes in the absolute degree of depolarization, as measured by the overshoot, which remained constant from 30 to 42 C, both resting and action potential decreasing at approximately equal rates. However, the duration and area of the action potential decreased markedly and this was probably partly responsible for decreased contractility. However, there were direct actions of temperature change on the contractile process, as indicated by the decrease in duration of the contraction. Both the rate of contraction and the rate of relaxation were increased as the temperature increased. It is particularly interesting that the latent period decreased with rising temperature, approximately 86 per cent over the range from 23 to 42 C. This might be interpreted in two different ways: (1) the mechanism of coupling by which contraction is initiated by the depolarization is not a physical process (for example, a purely electric field effect from the membrane to the contractile elements) but a process that is markedly accelerated with rising temperature, or (2) the excitation-contraction coupling mechanism is physical and remains constant with temperature changes, the more rapid response at higher temperatures being due to a change in the physical state of the contractile elements (for example, a lowered viscosity). This is a most important point with regard to the mechanism of this coupling and at the present time, no decision can be made between the two possibilities. If the second interpretation is correct, then one is not determining the true excitation-contraction coupling time, but perhaps only the response time of the contractile elements once they have become activated. The fact that the contractile elements did contract and relax at higher rates as the temperature increased might favor the second interpretation but does not prove it. When the temperature reached 43.5 C, the atria failed to respond suddenly, although the resting potential remained elevated, and a mild degree of contracture developed, which was reversed on bringing the tissue back to 30 C. The rate of membrane repolarization in the action potential increased with rising temperature as expected if this process represents an outflow of potassium through the membrane. However, the Qio of approximately 2.2 (over the range from 23 to 42 C.) is higher than one would predict for a pure diffusion process. This might mean that the permeability of the membrane to potassium increased with temperature or that the potassium outflow is not a simple diffusion. Work to be reported later will show that the outward flow of potassium is dependent on metabolic processes.
The steady increase in the resting potential with decreasing temperature is opposed to what one might predict if the sodium pump were the only factor involved in the resting potential, for the more slowly the pump worked, the less sodium would be extruded, intracellular potassium would fall and the potential would decrease. This probably occurs at lower temperatures and has been reported for mammalian conduction tissue. 7 ' 8 Nevertheless, within the temperature range of 23 to 42 C, factors other than the sodium pump must be dominant.
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DISCUSSION
The primary purpose in the present work was to establish initial correlations between the electric changes at the cardiac cell membrane and the contractile response induced within the cell. A change of conditions or the action of some substance might alter contractility in the following ways: (1) a change of the action potential, at least relative to the resting potential, i.e. the absolute degree to which the cell membrane is depolarized on excitation; (2) a change in the duration of the action potential, which is mainly dependent on the rate of membrane repolarization; (3) an alteration of the excitation-contraction coupling mechanisms, if such exist, or (4) a direct effect upon the contractile systems themselves. Previous work on muscle, both skeletal and cardiac, has been mainly concerned with attempting to correlate changes in resting or action potentials with the degree of contraction, and, in general, very little correlation has been found.' 
'
Ui 12 In the present results on the rat atrium, we have found no correlation between developed tension and the magnitudes of the resting or action potentials. Certain effects directly on the contractile systems are evident (as in the effect of initial tension) but, in general, the most obvious correlation has been found to be between the degree of contraction and the time course of the action potential. This time course has been expressed in terms of the duration and area of the action potential and, since the depolarization time remains fairly constant, these depend primarily on the membrane repolarization rate. Such a correlation has been implied also in work on various cardiac preparations with regard to the action of the vagus or choline esters.
11
' '«. m. i« If the rate of repolarization is a major factor in determining the contractile response, a reliable quantitative manner of expressing this would be of value. The difficulty arises that the course of repolarization differs somewhat from atrium to atrium ( fig. 3 ) and, thus, neither the constant in a logarithmic expression or the simple linear slope would be an accurate measure of the rate of repolarization. Assuming the repolarization follows a logarithmic curve, V = V o e~"', substitution of the mean values for the rat atrium would give an area of 1.25 mv.-sec; assuming a linear repolarization, the area can be calculated to be 2.0G mv.-sec; the actual area as measured with the planimeter was 1.68 mv.-sec, and thus falls midway between the two extremes. Until better correlations are established, we believe that the area under the action potential, as measured in the present work, may be the best estimate available of the integrated effect of the depolarization on the contractile elements.
It seems quite certain that the excitationcontraction coupling, at least in skeletal muscle, does not depend on local ionic currents or on sodium ions that have entered the cell during the depolarization.
12 It is more likely that the activation is achieved directly by the electric field changes brought about by the depolarization itself, as shown, for example, by massive stimulation of muscles. Sandow' 12 stated that the sudden depolarization of the action potential might serve as a "trigger" mechanism for initiating the contractile activation. The present results make it necessary to modify this concept somewhat for cardiac muscle, since the degree of contraction depends not only on the achievement of a certain degree of depolarization but also on the time that the muscle cells remain in a relatively depolarized state. Sandow also discussed the possibility that release of calcium ions from the depolarized membrane might be the coupling link and that these ions might diffuse inward to act on the contractile systems. If this is the case, the quantity of calcium released by the membrane must not be maximal on immediate depolarization, but must increase with the duration of the depolarization, unless one assumes secondary factors that modify the diffusion or action of the calcium.
As has been pointed out," the altered behavior of atrial muscle under high stimulus frequencies may indicate important relationships to fibrillation; the shortened refractory period is perhaps primarily due to the decrease in the action potential duration (although the decreased contractile tension may also contribute) and the slowed conduction rate oh-served may well be related to the same change. A rapid burst of stimuli from a limited area would shorten the refractory period and slow conduction in the surrounding tissue and this combination of events could possibly initiate fibrillation.
SUMMARY
A technic for simultaneously recording cellular membrane potentials and contractility in the rat atrium has been used to demonstrate some preliminary correlations between electric and mechanical events.
The characteristics of the normal isolated rat atrium have been determined from 66 preparations.
The effects of temperature, initial tension and stimulus frequency on these characteristics have been investigated. In some cases, the effect was directly upon the contractile elements without alteration of the membrane electrical behavior but in others there was a correlation between the duration or area of the action potential and the degree of contraction.
The duration of the action potential is primarily dependent on the rate of membrane repolarization and methods have been discussed of how this may be correlated with contraction.
Factors involved in repolarization were discussed and reasons were given for considering this process to be more complex than a simple outftux of potassium consequent to permeability changes.
From the overall temporal relations of the atria, calculations have been made of the contractile behavior of the individual cells, including the latent period, the excitation-contraction coupling time and the rate of conduction.
